Abstract. Escherichia coli transported in surface runoff from dissolution of applied poultry litter is
Introduction
The U.S. poultry industry has provided a plentiful and affordable source of protein for consumers while generating economic revenue. However, modern livestock industries, including poultry production, are frequently unprofitable unless a significant economy of scale can be achieved (Bossman, 2005) . To achieve this economical scale, large numbers of birds are generally reared in confinement resulting in a large amount of animal waste in the form of poultry litter being produced in a limited geographic area. Poultry litter consists of manure, bedding material, and other components such as feathers and soil (Kelley et al., 1994) . Wood shavings, sawdust, and soybean, peanut, or rice hulls are all common manure carriers added to the poultry house floor and utilized for raising four to eight flocks on a single placement prior to complete cleanout. After removal from the poultry house, litter is generally land-applied as a fertilizer source to pastures and cropland. Litter is recognized as being an excellent source of the plant nutrients N, P and K, but can also contain pathogenic microorganisms such as Salmonella, Campylobacter and fecal indicator bacteria such as enterococci and Escherichia coli (de Rezende et al., 2001; Santos et al., 2005; Jenkins et al., 2006) .
Surface and subsurface waters can result in fecal bacteria contamination as a function of runoff transport, litter properties and rainfall events following litter application. Escherichia coli can survive for extended periods of time in feces, soil and water (Stoddard et al., 1998; Sørensen et al., 1999; Wang, 2003) and often serve as indicator organisms of fecal contamination (US EPA, 1986 , 2004 Foppen and Schijven, 2006) . However, the interaction between land-applied poultry litter and E. coli concentration transported by surface runoff is still not well understood. Jenkins et al. (2006) reported that litter can impact E. coli concentrations in runoff from cropland three weeks following litter application; in addition, they concluded that litter application did not appear to impact background concentrations when runoff events occurred seven months post application. In a second study involving poultry litter and commercial fertilizer applications to conventional till and no-till corn plots subjected to simulated rainfall, Jenkins et al. (2008) concluded that no significant differences were determined between tillage treatments in runoff concentrations of E. coli. Litter application appeared to have little potential of pathogen contamination of surface waters. Recently, Sistani et al. (2009) compared the effect of litter application (e.g. surface-broadcast and subsurface banding) on surface runoff transporting E. coli following a rainfall event applied on the same plot during three consecutive weeks. The authors concluded that surface-broadcast litter treatment had a significantly greater E. coli contribution during all events as compared to subsurface litter application.
Litter application might contribute fecal bacteria to soils in sessile form (e.g., micro colonies and biofilms) rather than planktonic form. During rainfall events, sessile E. coli can be transported in runoff and contribute to surface and subsurface concentration (Reddy et al., 1981; Shipitalo and Gibbs, 2000; Pachepsky et al., 2006) . In soil habitats, E. coli populations typically exhibit a negative growth rate, balanced by the arrival of new organisms from manure sources, and thus maintain a relative steady "background" population (Savageau, 1983) . This background E. coli population might be further subjected to surface runoff transport when located in the top centimeters of the soil profile as surface erosion occurs. Muirhead et al. (2006) performed laboratory-scale experiments to compare surface runoff transport of E. coli attached to silt loam soil particles versus planktonic cells in surface runoff. They observed reductions in E. coli when attached to soil particles, but this reduction did not impact the overall transport. On the other hand, planktonic cells rapidly attached to small particles that remained in suspension while being transported in surface runoff. In addition, they found no significant E. coli transport differences between slope (e.g., 5% and 15%) and flow rates (e.g., 0.6 and 2 mL s -1 ).
In eastern Oklahoma, much of the poultry litter produced is land-applied to pastures for forage production. Questions exist regarding the effects of time lag and rainfall intensity on the potential for E. coli event mean concentration (EMC) and other biological contaminants from pasture-applied poultry litter to reach receiving water bodies during surface runoff events. The objective of this study was to investigate E. coli concentrations transported by surface runoff after poultry litter application on a series of pasture plots selected with similar soil, slope, and vegetation characteristics and subjected to 2-yr and 5-yr storm event intensities using a rainfall simulator.
Methods and Materials
Field experiments consisting of fourteen, 2 m by 2 m pastureland plots were used to evaluate E. coli surface runoff transport. The plots were located at the Oklahoma State University Eastern Research Station in Haskell, OK (Figure 1) . Two of these fourteen plots were used as control plots without poultry litter application. Plots were setup by berming the soil along the perimeter of the plot and digging a trench at the drainage (i.e., downslope) end. Special attention was given during plot preparation to avoid external contamination resulting from stepping on the plot, exogenous soil particles, or altering the existing vegetation. In addition, plots were separated by a distance of at least 5 m to avoid cross contamination. One-year old broiler litter (moisture content = 25% and pH = 8) collected the same day from a commercial poultry house, typically cleaned out once per year, was manually surface applied at an application rate of 4,942 kg/ha on twelve plots. Litter was collected directly from a poultry house floor following a zig-zag pattern while avoiding large clumps of litter (e.g., caked litter) and mixed before field application. Additionally, litter was applied to an area 20 cm in diameter and 1 cm in depth outside the plots to quantify E. coli populations in litter exposed to the same environmental conditions over time.
In each plot, an artificial rainfall event was simulated using a standard rainfall simulator (Miller, 1987) with the intensity equivalent to a 2-yr or 5-yr return period event and for 30 or 45 minute durations (Tortorelli et al., 1999) . Rainfall was applied 0-hr, 24-hr or 120-hr after litter application (Table 1) to evaluate the effect of time lag on E. coli transport. During the 5-d span of the experiments, there was no natural rainfall. One control plot was tested at the beginning of the experiment (e.g., 0-hr time lag in plot 1) while the second control plot was tested at the end (e.g., 120-hr time lag in plot 14).
Experimental Area
The experimental area consisted of pastureland with a mixture of perennial ryegrass (Lolium multiflorum Lam.), tall fescue grass (Festuca arundinacea), bermuda grass (Cynodon dactylon), and some Johnsongrass (Sorghum halepense (L.) Pers.) grown for hay production ( Figure 1 ). Cattle had not been allowed access to the pasture for over one year and poultry litter had previously been applied one year prior to the study on May 16, 2008 at an approximate application rate of 8,649 kg/ha. The topographical slopes in the experiment area varied between 0 to 8% with some isolated small depressions. Plots drained to an intermittent natural drainage channel ( Figure 1 ) with soils mainly from clayey residuum weathered from shale and silty alluvium parent material. Soils series were primarily Dennis-Verdigris complex (Dennis: 35%, Verdigris: 25%, Minor components: 40%) and Parsons silt loam, Mollic Albaqualfs. A weather station located on site measured rainfall, air temperature, relative humidity, wind speed, and solar radiation (Figure 2 ). 
Rainfall Simulator
A solenoid-operated rainfall simulator (Miller, 1987) was used to simulate 2-yr and 5-yr storm event intensities for a 30 or 45 minute duration ( Figure 1 ). The rainfall intensity provided by the simulator was calibrated and controlled by an ON-OFF cycle (2.0 s on and 1.8 s off for the 2-yr event and 2.0 s on and 0.4 s off for the 5-yr event) of the solenoid valve (MKC-2, Sporlan Division, Washington, MO). A single nozzle (TeeJetTM ½ HH-SS50WSQ, Spraying Systems Co, Chicago, IL) placed in the center of the simulator frame (3.0 m high, 2.8 m long, and 2.3 m wide) was used to spray the water. A water tank previously disinfected and connected to a centrifugal gasoline operated pump (Honda, WB30X) was used to provide the pressure head required by the rainfall simulator. Also, a valve to regulate the pressure head was part of the setup. During simulator calibration prior to the field experiments, rainfall intensity was measured in three rainfall collectors randomly located in an equivalent plot of 2 m by 2 m. As part of the rainfall simulator setup, a manometer located in the water distribution pipe was used to monitor the pressure head provided by the pump. A calibration curve was derived to estimate the ON-OFF cycle at 103 kPa for the rainfall intensities. 3 † Control plots ‡ Runoff data eliminated due to measurement error (flow underneath the outflow flume).
Plot Instrumentation
The hydrological response in all plots was measured by collecting the overland flow using a flume at the down slope end of each plot. The flume was installed 15 cm below the surface by mechanical insertion into the manually dug trench (Figure 1 ). Runoff was measured by mass using a bucket attached to an A&D GX-12K weighing scale recording data every 5 s. Three Hydra Pro II sensors (Stevens, Portland, OR) connected to a XR-10 datalogger (Campbell Scientific, Logan, UT) were setup during the experiments (one outside and two inside each plot) to measure salinity, soil temperature and volumetric moisture content every 5 s. Rainfall amounts were collected using a rain gauge installed inside the plastic berm in order to verify the applied rainfall intensity and confirm that the applied water was not a source of E. coli. Equipment, sensors and the flume were cleaned and disinfected after each experiment. 
Escherichia coli Concentration
Water samples were collected approximately every 2 minutes at the end of the flume during the experiments. Samples were stored on ice until E. coli enumeration, not more than six hours after sampling. E. coli was quantified by the most probable number (MPN) technique using the Colilert® reagent and semi-automated Quanti-Tray method (IDEXX, Westbrook, ME), which provides counts from 0.0 to 2,419.6 per 100 mL (Garbrecht et al., 2009; Guzman et al., 2009 ). Yellow wells with fluorescence in the IDEXX panels were considered positive for E. coli. Triplicate litter samples taken before application and collected outside the plots at 0 hr, 24 hr and 120 hr were stored on ice and enumerated for E. coli by placing 10 g of litter in 100 mL of distilled water, shaking periodically for 20 minutes and sampling the supernatant.
Data Processing
Raw data from the weighing scale were adjusted to eliminate the effects of water sampling and water disposal when the bucket hanging from the weighing scale reached capacity and had to be emptied. Hydrographs were obtained after processing and smoothing the adjusted data in each plot using a Fourier series with a number of harmonics defined by a periodogram analysis (Salas et al., 1997) . The same technique was used to estimate the average hydrological response for the 2-yr and 5-yr storm events. Runoff data from plot number 12 were eliminated due to measurement problems with respect to water flowing underneath the outflow flume.
Escherichia coli event mean concentrations (EMC) were estimated for the 2-yr or 5-yr storm events and lag times using the following equation:
where Q i is the runoff discharge for the 2-yr or 5-yr averaged hydrological response at time i, C i is the effluent E. coli concentration at time i for a specific time lag, and N is the combined number of measurements for the corresponding time lag and storm event (Garbrecht et al., 2009 ). Estimated EMC were tested for normality by fitting the data to a normal distribution with 95% confidence intervals. An ANOVA unstaked test with 95% confidence limits was used to test for significant differences in the average EMCs for the various treatments.
Results and Discussion

Hydrological Response
In all plots, runoff initiated shortly after the beginning of the simulated rainfall, peaked at the end of the storm duration, and then rapidly receded for 10 to 15 minutes for both the 2-yr and 5-yr storm events (Figure 3 ). Peak runoff was directly proportional to the storm intensity, while the time to peak runoff was inversely proportional to the storm intensity. The average peak runoff was 58.7 and 73.4 mm hr -1 for the 2-yr and 5-yr storm events, respectively (Table 1 ). The variance in peak runoff observed for the individual plots was most likely due to variability in infiltration between the plots, microrelief, water pressure fluctuations in the rainfall simulator, wind effects, and some interflow bypassing the flume collector at the end of the plot. Moisture content sensors indicated saturation conditions at the end of the rainfall events. The average plot slope ranged between 2.1% and 7.4%; no significant difference was observed relative to slope in the plots used for the 2-yr and 5-yr storm intensities. Table 2 decreased as a function of the time lag (e.g., 24-hr and 120-hr) when compared to the EMC for rainfall events immediately following litter application (e.g., 0-hr time lag). This EMC reduction was in the range of one order of magnitude independent of the storm event intensity. In addition, EMC for each time lag followed a similar pattern for both storm event intensities (Figure 4) .
Escherichia coli Event Mean Concentrations
No significant differences were observed in average EMCs across the storm intensities (2-yr and 5-yr storm intensity). Therefore, data were grouped as a function of the time lag. Statistical analyses between the 0-hr versus 24-hr, 24-hr versus 120-hr, and 0-hr versus 120-hr time lag experiments indicated that average EMCs were significantly different. On the other hand, the average EMCs from the control and treated plots were not significantly different (Table 2) at 95% confidence limits. This was perhaps the result of the limited number of control experiments. However, note in Table 2 , that the average EMCs between the control plots and the 0-hr versus 120-hr time lag EMC can be considered significantly different at 90% confidence limits. 
Escherichia coli Surface Runoff Concentrations
In both control plots (e.g., 0-hr and 120-hr time lag), E. coli was always detected. Concentrations were observed to vary as a function of the surface runoff volume. This observed E. coli concentration indicated the presence of fecal contamination from sources other than the immediate poultry litter application. The background E. coli initially present in the control plots were capable of sustaining E. coli release proportional to the surface runoff development during the duration of the rainfall event. The average E. coli concentration always increased with time during the rainfall events (Figure 4 ). coli concentration and average runoff from the 2-yr storm intensity (b) E. coli concentration and average runoff from the 5-yr storm intensity. Only 2-yr storm intensities were simulated in the control plots. Filled square symbols correspond to the minimum concentration (e.g., water samples in which E. coli concentrations where over the range of quantification). TL = time lag (hr).
The source of the background E. coli may be associated with rodents, birds and other small mammals in the area. Also, a previous poultry litter application had occurred on the plots one year earlier. Jenkins et al. (2006) found during a series of experiments in four small watersheds located in Watkinsville, GA that E. coli persisted in soil months after poultry litter application. They reported an initially undetectable E. coli concentration in soil samples and a "marginally detectable" E. coli concentration on the order of 102.7 to 104.2 MPN per kg -1 of soil nine to eleven months after the first litter application. However, E. coli runoff concentrations were on the whole minimal and were not greater than background concentrations following a runoff event seven months after litter application.
As shown in Figure 4 , background E. coli concentrations should not be considered negligible and significantly contributed to the total E. coli biomass transport. In all field conditions, surface runoff has the capability to erode, re-suspend, and transport soil particles and colloids in which E. coli might attach or adhere. Further investigation on the effect of long term litter application facilitating fecal bacteria background populations in soils is needed. Some studies have demonstrated that soils treated with animal manure can result in higher soil organic carbon content (Gerbzabek et al., 1997; Peacock et al., 2001) , an increase in the soil microbial biomass located in the top soil (e.g., 0 to 5 cm soil depth), and significant changes in the microbial community structure (Peacock et al., 2001) .
In experimental plots with litter application, E. coli concentrations for rainfall immediately after application increased compared to the background E. coli concentrations for the 2-yr and 5-yr storm events (Figure 4 ). For the 0-hr time lag, sustained E. coli concentrations were observed after the peak concentration while for the 24-hr and 120-hr time lag, E. coli concentrations peaked and then decreased. Reductions in the E. coli concentrations as a function of the time lag (e.g., 24 hr and 120 hr) indicated bacteria die-off of approximately one order of magnitude (Figure 4 ). It should be noted that in Figure 4 filled square symbols correspond to the minimum concentrations (e.g., water samples in which E. coli concentrations were over the range of quantification for the dilution factor).
However, a slight increase in E. coli concentrations was observed during the 120-hr time lag experiments as compared to the 24-hr experiments. This increase in average E. coli concentrations for the 120-hr time lag experiment was hypothesized to be due to E. coli growth in litter when in contact with the soil surface and protected from ultraviolet light by vegetation. In addition, litter samples from outside the plots indicated an initial decrease in E. coli concentration 24 hours after application and increase in E. coli concentration 120 hours after application ( Figure 5 ). Wang (2003) reported E. coli re-growth after manure excretion for three to five days in which temperature was considered the most critical variable followed by moisture. Poultry litter is a non-homogeneous compound formed by bedding materials and manure. Particle size in litter ranged from mm in particulate litter to cm in cake compounds with a heterogeneous E. coli population distribution as a function of the litter particle size. As poultry litter is applied on the field, litter with higher mass (e.g., larger aggregation around manure droppings) is deposited close to the soil surface, where it is protected from UV light exposure, experiences more stable temperatures, and may have access to available moisture. , and relative humidity averaged 90% during nights and sporadically some hours during the day (Figure 2 ). These environmental conditions were not optimal (e.g., maximum multiplication rate) for E. coli regrowth but can buffer E. coli populations in larger litter particles or small cake fractions deposited close to the soil surface from inactivation. 
Summary and Conclusions
The objective of this research was to investigate E. coli event mean concentrations in surface runoff after poultry litter application on a series of fourteen, 2 m by 2 m, pasture plots subjected to 2-yr and 5-yr storm event intensities and for various time lags between litter application and rainfall. No significant differences were observed in average event mean concentrations relative to the storm intensity. However, statistically significant differences were observed in average EMCs relative to time lag between litter application and rainfall. The relationship between time lag and litter application was not straightforward. The event mean concentrations were expected to be a maximum immediately following litter application and then decrease as a function of the time lag. However, the expected relationship was not observed between reduction in event mean concentration and the time lag due to hypothesized E. coli growth in plots 120 hours after litter application. It should be noted that the plot sizes used for this research were only 2 m by 2 m, and this research did not address fate and transport mechanisms as runoff generated from these plots traveled to receiving water bodies.
In control plots, E. coli was always detected, indicating the presence and transport of fecal bacteria from sources independent from poultry litter application with an average E. coli event mean concentration of 6.8x10 3 MPN/100 mL. The observed E. coli background concentration and its resulting contribution to the E. coli event mean concentration cannot be neglected as an important source of E. coli, especially in regard to the time lag between litter application and rainfall events. For example, the percentage contribution of the background fecal contamination was on average 4%, 52%, and 16% of the E. coli event mean concentration during the 0-hr, 24-hr and 120-hr time lag experiments, respectively. Therefore, poultry litter applications may contribute to runoff E. coli event mean concentrations when rainfall events occur shortly after litter application. However, other sources of fecal contamination serve as a significant component of the total E. coli event mean concentration especially as the time lag between litter application and rainfall events increase. Bacteria survival and growth was hypothesized to depend on the location of deposited litter within the plot (i.e., on the surface of the grass or reaching the soil surface), suggesting that distribution of litter among various compartments within the system are needed to adequately represent available E. coli biomass for transport in runoff. Attempts at modeling the fate and transport of E. coli from surface-applied litter to pastureland should account for different deposition locations. Also, future studies using more advanced biological analysis techniques (i.e., DNA profiling) should be conducted to better resolve the possible sources of the control plot E. coli concentrations.
